Morphometric data from Fennoscandian populations of the crested newt Triturus cristatus and the smooth newt Triturus vulgaris were analysed for the presence of sexual size and shape dimorphism. The data sets included nine body-related and nine head-related measurements and were examined with univariate, bivariate and multivariate methods. Sexual dimorphism was demonstrated in both species. The separation of specimens was highly related to sex. Although the expression of sexual dimorphism differed between the two species, some patterns were shared. These are discussed in terms of evolution of intersexual dimorphism according to models of ecology, fecundity and sexual selection. In multivariate analyses, sexual dimorphism was restricted to body-related variables such as standard length and distance of extremities (with high values for females), contrasting against cloaca and limb-related characters (with high values for males). In both species, the`distance of extremities' measure (i.e. trunk length) was one of the strongest sexually dimorphic traits. No evidence of sexual dimorphism in head morphology was found. The results are interpreted as primarily concordant with theories on fecundity selection. For example, it has been suggested that females with larger trunk volumes increase their reproductive capacity. The fact that males had longer extremities, in relation to other characters measured, could be attributed to sexual selection. Long limbs in male newts may be bene®cial for courtship performance. Since head-related characters did not show any patterns of sexual dimorphism, no evidence was found to suggest that male and female crested and smooth newts have adapted to different feeding strategies.
INTRODUCTION
Sexual dimorphism is de®ned as a phenotypic difference between males and females of a species. Dimorphic traits are often easily observable (e.g. relating to body size, morphological traits, ornaments, coloration, etc.), but may also be more subtle (e.g. glandular structure, pheromone secretion and epidermal texture). In general, permanently dimorphic traits are primarily in¯uenced by developmental processes and growth prior to maturity (Shine, 1990) , whereas secondary sexual traits are mainly under hormonal and seasonal in¯uence (Andersson, 1994) . As a consequence, the latter characters are often less permanent, more seasonally variable and often coupled to reproduction. However, ecological factors (e.g. food availability, predation, etc.) also contribute to the extent of expression in both (Endler, 1983; Shine, 1989) .
Sexual dimorphism is widespread among organisms (Darwin, 1871; Andersson, 1994) . It can be thought of as the phenotypic result of a genetic polymorphism maintained by frequency-dependent selection (Maynard Smith, 1989) , and there are several different hypotheses concerning its evolution (see reviews by e.g. Shine, 1979 Shine, , 1989 Slatkin, 1984; Andersson, 1994; Reynolds & Harvey, 1994; Fairbairn, 1997) . If simpli®ed, the processes underlying sexual dimorphism can be understood in terms of intersexual differences in (1) ecology, (2) fecundity, or (3) sexual selection (Hedrick & Temeles, 1989) . The ®rst of these alternatives (the ecological model) relates to the idea that sexes differ because they have adapted to different resource utilisation through niche partitioning and subsequent character displacement. Among other things, this model predicts that males and females should differ in, for example, trophic structures (i.e. mouth or head morphology). Under the second hypothesis (the fecundity model ), sexual dimorphism is believed to evolve when one sex (most often females) bene®ts more from a large body size than the other sex, in terms of reproductive outcome. This hypothesis predicts that intersexual differences in characters should be related to fecundity. For example, in egg-laying species females could have a longer and more voluminous abdomen than males, in order to support a large number of eggs (e.g. Shine, 1988) . According to this model, sexual dimorphism can also be viewed as a life history adaptation (Endler, 1983) . The third alternative theory (the sexual selection model ) treats sex differences in external morphology (e.g. body proportions, ornaments, coloration, etc.) as having evolved by, for example, the active selection of epigamic features on one sex by the other. This suggests that individuals (most often males) with enlarged traits have an advantage in competition for mates relative to other individuals of the same sex (Andersson, 1994) .
The main difference between these three alternative models pertains to the underlying selection process. For example, theories relating to differences in ecology and fecundity generally assume that natural selection is the force responsible for their evolution. Sexual dimorphism is in this view clearly an adaptation. Epigamic features (ornaments, coloration, etc.), however, can be under the in¯uence of sexual selection through competition over mates or directed mate choice. Epigamic traits, though they can admittedly be of adaptive value, are thus often assumed to evolve without the interference of natural selection ± in some cases even in its opposed direction. However, it is not always necessary to distinguish between products of natural and sexual selection in studies of sexual dimorphism. It can be equally fruitful to consider dimorphic characters in terms of the net outcome of different selection pressures operating simultaneously on males and females (Hedrick & Temeles, 1989; Mace, 1992) .
In amphibians, females generally grow larger than males and female body size is often correlated to clutch size (e.g. Duellman & Trueb, 1986) . In species where males are the larger sex this can be attributed to high degrees of male interactions such as combat during the reproductive season (Shine, 1979 ; but see also . European newts of the genus Triturus show a high degree of sexual dimorphism (see e.g. Halliday & Arano, 1991; Kalezic, Crnobrnja et al., 1992; Andersson, 1994) . The most strikingly dimorphic characters are seasonal ± all species in this group have elaborate aquatic lekking behaviour where male coloration and the development of dorsal crests are important traits for a male's reproductive success (e.g. Halliday, 1977; Malacarne & Cortassa, 1983; Hedlund, 1990) . Most species also show permanent sexual differences in morphology. For example, females are generally larger in body size than males (e.g. Ra®nski & Pecio, 1989; Kalezic, Crnobrnja et al., 1992) , with one of the few exceptions being the banded newt, T. vittatus. Incidentally, this is also the only representative with male-to-male aggressive lekking behaviour (Raxworthy, 1989) .
In the present paper, we explore and discuss sexual size and shape dimorphism in two species of newts in northernmost Europe ± the crested newt Triturus cristatus and the smooth newt T. vulgaris. We aim to describe the expression of intersexual differences in the two species and discuss their evolution, as outlined above. By using multivariate statistics, it is possible to analyse how single traits may co-vary with other traits within sexes to in¯uence the general pattern of sexual dimorphism. Our conclusions suggest that niche partitioning in terms of feeding is not a likely determinant of sexual dimorphism in the two newts. Instead, fecundity and, possibly, epigamic selection seem more plausible processes underlying the observed dimorphism in the two species.
MATERIALS AND METHODS
We studied sexual dimorphism in preserved specimens of crested and smooth newts from museum collections in Sweden, Norway, Denmark and Finland (see Appendix) . Eighteen variables (Table 1) were measured with callipers by the ®rst author (JCM) to the nearest 0.1 mm in a standardized manner. Only adult specimens tF gF wlmgren nd wF hollesson 128 collected in breeding condition and without apparent injuries were chosen, and obvious secondary sexual characters under seasonal in¯uence (e.g. male dorsal crests) were excluded in order to focus on permanent traits. It was not possible to determine the age of specimens in this study (e.g. by using skeletochronology), since they were part of museum collections. Amphibians shrink when preserved in alcohol or formalin, especially during the ®rst 2±5 years (Dolmen, 1983; Verrell, 1985; Kalezic, Dzucic et al., 1990;  T. Hagstro È m, pers. comm.). To avoid bias introduced from this, all specimens measured had been preserved for more than 5 years. This limited the number of available specimens, although the ®nal sample (71 females, 43 males T. cristatus (n = 114); and 72 females, 88 males T. vulgaris (n = 160) represents a random selection of newts from the Fennoscandian distributions. The sampling area includes 2 formerly recognized subspecies of the smooth newt, T. vulgaris vulgaris and T. v. borealis, but the latter taxon is not readily 129 Sexual dimorphism in two Triturus newts Raxworthy, 1990) . Since the examined material consisted of small samples from many scattered locations, it was not possible to evaluate intra-or interpopulational variation. Differences in climate among sampled localities may also have introduced geographical variation in the material. However, we have preferred to treat this as a source of random variation and do not expect that it should signi®cantly mask the existence of any systematic patterns of intersexual differences in multivariate analyses. The latter assumption is supported by preliminary analyses on the Fennoscandian newts, where the sexes had to be treated separately in order to evaluate geographical patterns in morphology. Each variable was analysed for normality with graphical methods by eye and tested for differences in means between sexes using univariate and bivariate statistics (Z-tests and Student's t-test; a = 0.05 for all tests except for least square regression slope test, a = 0.01). In multivariate analyses the variables were partitioned into 2 sets (head-and body-related measurements) and were analysed separately using principal components analysis (PCA, e.g. Jackson, 1991; Manly, 1994) based on Pearson's correlation coef®cients. Differences between the sexes were also tested with Wilk's lambda and Fisher's F-test in a discriminant function analysis, where sex was set as a priori groups. Furthermore, all observations were subjected to a reclassi®cation analysis in order to establish how well the model derived from the discriminant analysis described intersexual differences. All calculations were performed in Microsoft 1 Excel 2 97 (for PC) using the add-in program xlSTAT Pro+ 3.0 (Fahmy, 1997) .
RESULTS
Both species of newts were signi®cantly sexually dimorphic in several body-related measurements (Tables 2 & 3 ). In contrast, there were fewer such sexrelated differences in measurements related to head morphology. The mean male to female standard length (STL) ratio was 0.946 for Triturus cristatus and 0.988 for T. vulgaris (data from Tables 2 & 3). In bivariate analyses, standard length (STL) in relation to the total length (measured from tip-of-snout to tip-of-tail), was dimorphic in both T. cristatus (males 58.6% 0.26 se, females 57.0% 0.19 se; Z = 5.16, P < 0.001) and T. vulgaris (males 51.9% 0.20 se, females 54.0% 0.22 se; Z =77.18, P < 0.001). The direction of dimorphism differed between the two species in the relation of tail length (TL) to total length. Males of T. cristatus had the shorter tail (males 41.4% 0.26 se, females 43.0% 0.19 se; Z =75.16, P < 0.001), whilst the reverse was true for T. vulgaris (males 48.1% 0.20 se, females 46.0% 0.22 se; Z = 7.18, P < 0.001). The relation between distance of extremities (DEX) to STL, differed signi®cantly between sexes of both species in favour of large measurements in females (T. cristatus: males 48.9% 0.45 se, females 52.9% 0.30 se; Z =77.44, P < 0.001; T. vulgaris: males 46.9% 0.24 se, females 49.8% 0.31 se; Z =77.39, P < 0.001). In each PCA there were high positive loadings for all characters on PC1. This axis is therefore interpreted as a general size measure. Contrasting positive and negative loadings were found on PC2, indicating general shape measures as important for this separation. Again, body measurements gave a clear pattern of differences between the sexes in both T. cristatus and T. vulgaris, while head characters showed no such distinctions (Figs 1 & 2) . Factor loadings for principal components (Table 4) revealed that a total of 67% of the variability for T. cristatus, and correspondingly 70% for T. vulgaris, could be explained by the ®rst two components (PC1 and PC2) for body-related traits. The remaining components (PC3±PC9) individually explained < 10% of the total variation for both species on body-related traits, and did not reveal any readily interpretable patterns.
A two-tailed t-test was applied to the PCA loadings on the ®rst two axes to differentiate between means for males vs females. In T. cristatus, body variables did not show a signi®cant difference between the sexes for size (PC1; t =70.21, NS), but yielded a strong distinction on shape (PC2; t = 15.05, P < 0.001). In short, females had large values for body-related measurements co-varying with short cloaca and limb-related measures ± the reverse applied to males. Head characters showed no signi®cant sex differences on either PC1 (t =71.65, NS) or PC2 (t = 0.55, NS) in this species. In T. vulgaris, both PC1 (t = 4.19, P < 0.001) and PC2 (t =713.06, P < 0.001) showed signi®cant sex differences for body measurements, but neither PC1 (t = 1.26, NS), nor PC2 (t =70.22, NS) supported sex differences for head-131 Sexual dimorphism in two Triturus newts Table 4 . (a) Body-related characters. Signi®cant intersexual differences in the means of males vs females are noted in both size (PC1; t = 4.19, P < 0.001), and shape (PC2; t =713.06, P < 0.001). Least-square regression slopes (not drawn in ®gure) differ signi®cantly between sexes (t = 4.86, P < 0.001; = 0.01). (b) Head-related variables. Signi®cant sex differences are noted on neither PC1 (t = 1.26, NS), nor PC2 (t =70.22, NS). related variables. The patterns were similar in both species.
The separation of specimens in multivariate analyses was highly related to sex in both species (Fig. 3) . In general, sexual dimorphism corresponded to contrasts between body-size related variables (high values in females) versus cloaca and limb-related variables (high values in males) along the second axis (see loadings in Table 4 ). Sexual dimorphism in T. cristatus was in this context mainly due to large female measures for STL, TL, DEX and ELL (related to the body and tail), contrasted against large male measures for GCL, UAL, LAL, THL and LLL (which are cloacal and limb lengths). This distinction in shape is clearly seen along axis 2 in Fig. 3 , where female and male measurements fall out above and below the abscissa, respectively (e.g. females have large values for DEX but low values for GCL ± the opposite applies to males). The pattern in T. vulgaris was similar ± females had large measures for body-related variables (i.e. STL, DEX and ELL), while males had large values for tail, cloaca and limb measures (i.e. TL, GCL, UAL, LAL, THL and LLL).
Shape differences (PC2) in body measures between the sexes increased with size (PC1) in T. vulgaris (see Fig. 2 ). Least-square regression slopes differed signi®-cantly between sexes (t = 4.86, P < 0.001; a = 0.01). The same trend could also be found in T. cristatus (see Fig. 1 ), but was not statistically signi®cant (t = 2.05, P = 0.043; a = 0.01).
Discriminant analyses with sexes de®ned as a priori groups, and successive tests with a posteriori reclassi®ca-tion analysis of observations, con®rmed what we found in the PCA explorations above. In T. cristatus, sexes could be distinctly separated with the model established (Wilk's lambda = 0.265, F (9, 106) = 42.76, P < 0.001), and 95.6% of all observations were correctly reclassi®ed to sex (5 of 114 observations were incorrect). The same applied to T. vulgaris (Wilk's lambda = 0.307, F (9, 152) = 34.15, P < 0.001). In this species 91.3% of the observations could be correctly reclassi®ed to sex (14 of 160 observations were incorrect).
DISCUSSION
Neither T. cristatus nor T. vulgaris were sexually dimorphic in head-related variables. This is in agreement with other studies on head morphology in newts (Ra®nski & Pecio, 1989) . We therefore have no evidence to support the idea that the two newts have developed intersexual differences in feeding strategies along a niche divergence process, as suggested by one version of the ecological model (see e.g. Slatkin, 1984; Shine, 1989; Andersson, 1994) . Shine (1989) discussed examples of this model in terms of (1) rate of feeding and (2) type of food consumed. The ®rst category generally assumes that a substantial intersexual difference in body size leads to differences in feeding rates between sexes. The divergence (both in terms of size and type of food consumed) may also be the result of differing reproductive roles of the sexes. Where females are responsible for the larger reproductive investment, they often show a higher feeding rate than males. The second category comprises species where the sexes diverge in trophic morphology as a result of intersexual differences in dietary preferences. Differences in body size between the sexes (e.g. in mean male to female STL ratio) were present in both species examined here, but may be too small to predict sexual differences in feeding habits due to feeding rates alone. Furthermore, it is known that both male and female newts experience high energetic costs during the reproductive season (see e.g. Halliday & Sweatman, tF gF wlmgren nd wF hollesson 132 Fig. 3 . Factor loadings for the ®rst two principal components in analyses of body-related characters. Loadings on PC1 are all close to one and positive, and this component is interpreted as a general size measure. On PC2 positive loadings (characters above the abscissa) are contrasted with negative loadings (below), and the component is interpreted as a measure of shape that discriminates between males and females (Figs 1 & 2) . Patterns are similar for the two species, except for tail length (TL) that has opposite signs for PC2 loadings in the two species. Abbreviations as in Table 1. 1976; Halliday, 1977; Halliday & Arano, 1991; Grif®ths, 1996) and spend considerable time feeding when not involved in courtship. This indicates that feeding rates might be very similar within species, even during the breeding period, suggesting that sexual dimorphism resulting from ecological differences may be negligible, at least in terms of diet. However, one character not included in the present study is the aquatic phase mouth-rim (an upper labial extension), which may have evolved in both sexes to increase feeding success during the breeding period. Studies of niche divergence in T. cristatus and T. vulgaris have previously concentrated on interspeci®c differences rather than intersexual (e.g. Dolmen & Koksvik, 1983; Dolmen, 1988 ). An exception is Joly & Giacoma (1992) , who included intersexual parameters in their study of a three-species community of newts, and found that prey choice differences were more marked between species than between sexes of the same species.
There were high degrees of sexual dimorphism for body-related characters in both species. The dimorphisms were mostly related to shape, but were to some degree also size-dependent ± particularly in T. vulgaris. Size was positively correlated to shape dimorphism (i.e. the calculated regression slopes for sexes diverge, Fig. 2) , which is indicative of allometric growth (e.g. Fairbairn, 1997) . The separation of specimens in statistical analyses was highly related to sex in both T. cristatus and T. vulgaris. There were some differences between the two species, for example in which sex had the longer tail, but in general the patterns were very similar. Sexual dimorphism was attributed to females showing large values for dimensions related to fecundity, such as standard length and distance of extremities, contrasted with large values for cloaca and limb-related measurements in males. In all analyses the femalè distance of extremities' measure was highly responsible for the observed patterns, contrasting in T. cristatus against the male cloaca and lower hind extremity, and in T. vulgaris against the same measures but in the reversed order of in¯uence. We interpret these results as primarily concordant with the fecundity model. Previous studies on amphibians have shown that females are generally larger than males in body size (e.g. Shine, 1979; Duellman & Trueb, 1986) possibly because fecundity increases with increasing female body size (but see also Shine, 1988) . Males, on the other hand, can often increase their lifetime reproductive success through other life history adaptations in species with little or no male±male aggression, for example by maturing at an early age. Kalezic, Crnobrnja et al. (1992) , whose results agree with ours, suggested that the trunk length (corresponding to the distance of extremities) is directly correlated to the length of the pleuroperitoneal cavity. Since this is the space available for maturing eggs, these authors inferred that a larger trunk might be advantageous for female reproductive success. Indeed, Rehak (1983) demonstrated that both T. cristatus and T. vulgaris showed a positive allometric increase in the distance of extremities in relation to body size, which was most marked in females. Whether this increase also re¯ects an associated increase in clutch size, or other reproductive parameters, is as yet undocumented. Most studies have concentrated on relationships between snout±vent length and clutch size (e.g. Verrell & Francillon, 1986; Hedlund, 1990) . Number of eggs, however, may not be the most appropriate measure of the intensity of fecundity selection. Forsman & Shine (1995) suggested that clutch mass would be a better estimate, since it includes both the number and the size of the eggs in a clutch. This is supported by preliminary evidence on female fecundity in Italian smooth newts Triturus vulgaris meridionalis (Nobili & Accordi, 1997) . Shine (1988) also pointed out that life-history theory assumes that traits should evolve to maximize individual lifetime reproductive success. The`distance of extremities' measure is perhaps more indicative of female fecundity in Triturus newts, especially if it could be shown to correlate strongly with clutch characteristics such as clutch size, mass or volume. The importance of this trait is also indirectly suggested by male preference for larger females in staged mate-choice experiments in T. vulgaris (Verrell, 1986) . Aside from the distance of extremities, other measures are imaginable as useful describers of female fecundity for future studies (e.g. volume, mid-body circumference, width and height), even though they were omitted from this study for practical reasons.
Sexual selection is characterized by individual variation in reproductive success caused by competition over mates (Andersson, 1994) . The most well known cases involve the females' active choice of males with enlarged and conspicuous secondary sexual ornaments, but epigamic selection can also be more subtle. We demonstrated that males of both species could be distinguished from females in having larger cloaca and limb-related measures, and also a longer tail in T. vulgaris. The cloacal swelling in male newts is most notable laterally and ventrally compared to females, and may be an important factor in male mating success. Most of the cloacal volume is occupied by glands secreting substances forming the spermatophore, though tubules emanating from the pheromone-producing dorsal gland are present ± especially in the caudal region of the cloaca (Sever et al., 1990) . The dorsal gland itself, which is known to be greatly enlarged during the breeding season in T. vulgaris , lies anterior to the pelvic girdle. It is quite likely that both the rate of spermatophore production and the synthesis of courtship pheromones ± factors contributing to male mating success ± are under the in¯uence of sexual selection, as proposed by Sever et al. (1990) , thus affecting the size and volume of structures in the cloacal region. In European newts, studies of sexual selection have focused primarily on secondary sexual traits and lekking behaviour (reviewed by e.g. Halliday, 1977; Halliday & Arano, 1991; Andersson, 1994; Grif®ths, 1996) . For example, several authors have demonstrated that female Triturus newts actively choose large males exhibiting conspicuous dorsal crests (Malacarne & Cortassa, 1983; Hedlund, 1990; Green, 1991) . However, some dif®culties still remains in distinguishing between the contributions of visual versus olfactory cues in newt mate choice (Grif®ths, 1996) . A large crest may be an indicator of good body condition resulting from foraging ef®ciency (Baker, 1990 (Baker, , 1992 Green, 1991) and the supposedly high genetic quality of the displaying male. The crest itself also increases the body surface area of the male, which in turn presumably affects the male's ability to transfer pheromones to the female during the display, and enhances the ef®ciency of cutaneous respiration and endurance ± all of which are primary determinants of courtship success (e.g. Halliday & Sweatman, 1976; Halliday, 1977; Malacarne & Cortassa, 1983; Hedlund, 1990) . Alternatively, the enhanced body surface area of a male with a fully developed dorsal crest may simply be contributing to the male's overall size. Some evidence suggests that female newts may interpret large male size as an indicator of age, survival value or experience. Hedlund (1990) , for example, found that large T. cristatus males with large crests were more likely to deposit spermatophores that were picked up by the female. She also observed that early in the breeding season, when males' crests were not fully developed, snout±vent length in¯uenced female choice. However, during the most intense lekking period, crest height was the main determinant of mating success. There was a strong correlation in her study between male length and crest height, with the latter trait being the strongest determinant of male mating success. Furthermore, it has also been demonstrated that the number of testes lobes in T. cristatus and T. vulgaris, is highly correlated with age (Dolmen, 1982) . Halliday (1977) , argued that females are expected to show a preference for older and correspondingly larger males, if longevity is a good indicator of ®tness (see also Kokko, 1997) . Other factors that may in¯uence reproductive success for individual male newts are those that contribute to better performance of courtship display (Halliday, 1977) . Males of most species of Triturus newts are highly mobile and perform an extensive courtship display in front of the female (e.g. Halliday & Arano, 1991; Grif®ths, 1996) . Traits enhancing the active performance of complex movement (e.g. longer legs) can presumably be valuable for individual reproductive success and may be indirectly subjected to sexual selection. It is therefore conceivable that selection for lekking performance' can be important for the patterns of sexual dimorphism observed in this study. For example, long limbs, and long tails in T. vulgaris, may improve the performance of males in courtship display. The elongation of limbs in males seems to be particularly marked in T. cristatus. Rehak (1983) demonstrated that there was a relative shortening of extremities with respect to the body in three species of newts, except for male T. cristatus, which showed positive allometric growth of posterior extremities. The change of body proportions with increasing size was most marked in females. Rehak concluded that longer limbs might be of great importance in the courtship behaviour of male T. cristatus, suggesting that this trait is under the in¯uence of epigamic selection. It is well known that males of this newt species include an extreme posture in their courtship repertoire ± the so-called`cat buckle' position (see e.g. Halliday, 1977; Grif®ths, 1996) , where the ability to manoeuvre may be dependent on the posterior limbs.
Although our results on sexual dimorphism presented here mostly favour the fecundity model, the actual underlying selection processes are likely to be more complex. We ®nd it highly probable that sexual dimorphism evolves by routes where factors from more than one evolutionary model work simultaneously on different traits. However, indirect studies of patterns of sexual dimorphism can suggest valuable keys to future studies, which can put these hypotheses to more direct tests.
